Objective: To examine the epigenetic basis of psychiatric symptoms and dysexecutive impairments in FMR1 premutation (PM: 55 to 199 CGG repeats) women.
Methylation of restriction sites that are routinely targeted in fragile X syndrome (FXS) diagnostics in blood have limited prognostic utility in PM women and do not represent well the FMR1 activation ratio (AR) and FMRP levels in other tissues. 6, 7 Our earlier studies in FXS full mutation (FM: .200 CGGs) females showed that methylation of different CpG sites within FMR1 intron 1 may be more conserved between tissues, as indicated by a highly significant correlation between their methylation and cognitive status. 8, 9 Interestingly, this region, also known as fragile X-related epigenetic element 2 (FREE2), is the region where RNA:DNA hybrids associated with regulation of FMRP levels in FXS have been reported to form. 10 This study extends our earlier work to investigate the hypothesis that in PM women, FREE2 methylation is significantly related to executive function impairments and psychiatric symptoms. Interrelationships among these parameters, CGG size, FMR1 mRNA levels, and AR are also investigated.
METHODS Standard protocol approvals, registrations, and patient consents. All study participants provided signed informed consent and the study procedures were consistent with the Declaration of Helsinki and approved by the Southern Health Ethics Committee (project 10147B).
Participants. The cohorts of 35 PM and 35 age-and IQmatched control (CGG ,45) women used in this study were recruited previously. 11 Further details are provided in note e-1 on the Neurology ® Web site at Neurology.org. The PM cohort included 6 families that were not large (one family with 3 women, and 5 families with 2 women). The remaining 22 PM women were unrelated.
Molecular analyses. CGG sizing and methylation analysis were performed on whole blood DNA. The CGG sizing was performed using the Asuragen (Austin, TX) AmplideX FMR1 PCR Kit. 12 PCR products were assessed via capillary electrophoresis on an Applied Biosystems (Foster City, CA) 3,130 Genetic Analyzer with electropherogram analysis conducted using Gene-Mapper software (Applied Biosystems; Life Technologies, Carlsbad, CA). The reverse transcription real-time PCR on a ViiA 7 Real-Time PCR System (Life Technologies, Global) was used for the FMR1 mRNA analysis of peripheral blood mononuclear cell RNA. The relative standard curve method was utilized for FMR1 59 and 39 mRNA quantification normalized to mRNA of 3 internal control genes, as previously described. 13 AR was determined using methylation-sensitive Southern blot targeting NruI restriction site in the FMR1 CpG island, as previously described. 14 FREE2 methylation analysis was performed using the Sequenom EpiTYPER system, consisting of 5 CpG units targeting 9 CpG sites. 15 Methylation analysis for each DNA sample was performed in duplicate bisulfate conversions, with each conversion analyzed twice using the EpiTYPER system. The mean of the 4 methylation output ratio measurements per sample was used as a summary measure for each CpG unit analyzed. The technical variability between these replicates did not exceed ;5%, as described in figure e-1.
Neurobehavioral measures. Executive function tests were selected on the basis of previously demonstrated sensitivity to impairments in adult PM cohorts: Hayling Sentence Completion Test A and B error scores, Letter-Number Sequencing (LNS) raw score, and Excluded Letter Verbal Fluency (ELVF) performance. The Hayling Test 16 is a sentence completion task designed to test executive function. Participants listen to a series of 15 sentences missing the last word. The task is to complete the sentence verbally by suggesting a word that is in no way connected to the sentence. A response that logically completes the sentence is incorrect and is scored as a Category A error. A response that completes the sentence with a word that does not complete the sentence, yet is semantically related, is considered a Category B error. Thus Category A errors reflect complete failure to inhibit a response and Category B errors reflect partial failure to inhibit response. A greater number of errors indicated worse performance.
Higher LNS indicated better working memory ability, and higher ELVF indicated better verbal fluency performance, as previously described. 17 To measure self-reported psychiatric symptoms, we selected the depression axis from the Depression Anxiety Stress Scale (DASS), 18 the self-report Liebowitz Social Anxiety Scale, 19 and the Brown Attention Deficit Disorder Scales, 20 where higher scores suggested more severe psychiatric symptoms.
Statistical analyses. Testing for normality of the distribution of each variable was conducted using the Shapiro-Wilk test at significance level p ,0.05. Executive function and psychiatric variables, except LNS and ELVF, were transformed using square root function to achieve normal distribution. Comparison of scores between control and PM women for executive function and psychiatric measures was conducted using the generalized estimating equation (GEE) method, which takes into account correlation within a family (table e-1). This method was also used for PM women to assess associations between each executive function (outcome) and each psychiatric (predictor) variable, as well as between executive/psychiatric variables and each genetic factor (predictor). Given that there were no relatives in the control group, these same relationships were investigated using the method of least square or robust regression for estimation, which downweighted the effect of outlier observations. The moderator/mediator effect of executive function on the association between genetic factors and psychiatric variables was assessed as previously described, 21 taking the average value for related PM women within one family.
Receiver operating characteristic (ROC) curve analysis was used to evaluate the ability of each molecular variable for classification of positive and negative classes. Area under the ROC curve was computed using predicted probabilities from logistic regression as the summary measure of diagnostic accuracy. Youden Index was then used to determine the optimal threshold (cutoff point) for molecular variables, as described in reference 8. Based on values outside of the interquartile range (IQR) for 35 controls, PM women were classified as a positive class for having poor executive function as determined by Hayling A errors .3, LNS score ,12, and ELVF ,16.5. PM women were also classified as a positive class for having psychiatric symptoms based on threshold scores within the questionnaire (figure 1). The optimal thresholds were then used to dichotomize molecular variables into a binary value, with values under a threshold treated as the reference category. Logistic regression using the GEE method for estimation was used to estimate odds ratio (OR). All analyses were conducted using STATA, RMS, and DiagnosisMed in the publicly available R statistical computing package (The R Project for Statistical Computing).
RESULTS
Relationships between molecular parameters and the dysexecutive/psychiatric phenotype in PM women. Analysis of the intercorrelations between executive function performance and symptoms of social anxiety, depression, and attention-deficit/ hyperactivity disorder-predominantly inattentive (ADHD-PI) revealed many significant relationships within the PM group. Worse performance on the working memory and verbal fluency tasks significantly correlated with increased symptoms of depression, social anxiety, and ADHD-PI. Hayling A errors, which indicate impaired inhibitory control, correlated significantly with worse symptoms across all psychiatric domains. By contrast, Hayling B errors reflecting impulsivity were correlated with depression and social anxiety symptoms, but were not related with symptoms of ADHD-PI (table e-2) . These relationships highlight a dysexecutive/psychiatric phenotype in PM women and were not observed in the age-and IQ-matched control group. While PM women had significantly higher FMR1 mRNA levels than controls, FREE2 methylation and AR were comparable between groups (table e-3). CGG size within the PM group was not significantly correlated with performance on any neurocognitive or psychiatric measure. In contrast, FMR1 mRNA levels were significantly and positively correlated with better working memory and verbal fluency performance; however, these relationships disappeared when FMR1 mRNA levels were controlled for AR (table e-4).
Significant correlations were observed between FMR1 CpG island methylation (represented by AR) and dysexecutive symptoms in PM women. Lower AR was significantly correlated with increased Hayling A errors and worse working memory performance (table 1 and figure e-2). However, there were no relationships between AR and psychiatric symptoms. Methylation of CpG unit 1 located within FMR1 exon 1 also revealed a significant positive correlation with Hayling B errors (table e-5).
Most interestingly, methylation of all 3 CpG units (representing 7 CpG sites) located within FMR1 intron 1 was significantly correlated with at least one executive function or psychiatric measure (table 1, figure e-2, and figure e-3). Methylation of CpG 10-12 showed the strongest correlation with the executive function and psychiatric measures, followed by methylation of CpG 6/7 and CpG 8/9 ( figure 1 and table 1 ).
Prognostic potential for identifying the dysexecutive/ psychiatric phenotype. PM women were classified into groups called affected or unaffected based on probable dysexecutive/psychiatric disorder or IQR (see statistical analysis) threshold scores. Of all molecular measures, methylation of FREE2 intronic CpG10-12 showed the highest sensitivity for correctly identifying PM participants in the executive function and social anxiety affected groups. Specifically, Hayling A errors (100% sensitivity) and social anxiety (;92% sensitivity) were ascertained for methylation thresholds of 0.31 and 0.32, respectively ( figure  1 and table e-6). Methylation of FREE2 intronic CpG6/7 showed the highest specificity for correctly identifying 2 of the unaffected groups derived from psychiatric measures. These were the depression scale, which showed 92.6% specificity, and the ADHD-PI effort subscale, which had ;88% specificity, determined at methylation thresholds of 0.46 and 0.44, respectively (figure 1 and table e-6). When the PM group was dichotomized based on these CpG10-12 and CpG6/7 optimal methylation thresholds, PM women with FREE2 methylation analysis positive results were significantly more likely to be in the affected groups defined by at least one dysexecutive or psychiatric measure. For CpG10-12, this was indicated by Hayling A errors (OR 14; p 5 0.006), and for CpG6/7 this was indicated by both symptoms of depression on the DASS (OR 17.4, p 5 0.037) and low effort on the ADHD-PI measure (OR 14.4; p 5 0.020) (table 2). In contrast, FMR1 mRNA-positive results defined by optimal molecular thresholds were not significantly more likely to be in an affected group for dysexecutive symptoms, although AR-positive results were significantly more likely to be in an affected group defined by Hayling A errors (OR 7.53; p 5 0.014) (table 2). Relationships between FMR1 intron 1 methylation and the dysexecutive/psychiatric phenotype are unique to PM women. In PM women, FMR1 intron 1 CpG10-12 methylation was significantly correlated with performance on 3 out of 4 executive function measures (p , 0.001 to p 5 0.007) and psychiatric symptoms of both social anxiety (p 5 0.003) and ADHD-related affective (or emotional) regulation (p 5 0.026) ( probable dysexecutive and social anxiety disorders) and specificity (CpG6/7: ;90% for problems with ADHD-related effort and depression). By contrast, when the PM group was dichotomized based on optimal molecular thresholds for CGG size, exon 1 methylation, and FMR1 mRNA level, positive results could not be used to predict probable dysexecutive/psychiatric disorders. Interestingly, methylation analysis of the FMR1 CpG island represented by AR also significantly correlated with dysexecutive symptoms, but to a lesser extent. The severity of PM-related neurologic disorders is likely to be directly related to the proportion of cells with the normal size allele on the active X chromosome-presumably the higher AR, the more cells carry silent methylated PM alleles on the inactive X chromosome, and the less severe the phenotype. However, evidence for the prognostic potential of AR has been limited in PM-related disorders. While in PM women one study showed that CGG repeat size, when controlled for AR, was significantly associated with ataxia score, 7 the prognostic utility of AR in blood, when examined alone, has not been demonstrated previously. 7, 22 In contrast, decrease in FMRP levels in hair root samples was significantly correlated with cognitive status of PM women. 22 Subsequently, it has been suggested that methylation of the CpG sites used to determine AR is not well conserved between blood and other tissues, and thus provides limited representation of FMRP activity in the brain. 22 Our previous studies suggest that methylation of FMR1 intron 1 CpG sites is well-conserved between different tissue types including adult and newborn blood, lymphoblasts, and amniocytes, and is stable over time in PM females. 8, 15, 23, 24 This could explain why FMR1 intron 1 methylation was more likely than AR to correlate with severity of dysexecutive/psychiatric symptoms in the present study of PM women. Increased methylation of these FMR1 intron 1 CpG sites in FM females was also significantly correlated with both FMRP levels in blood and cognitive impairment. 8, 15, 23 Avitzour et al. 25 have independently shown that FXS embryonic stem cells also have increased methylation of these same intron 1 sites, and that this was associated with abnormal histone modification and FMR1 regulation.
Importantly, Colak et al. 10 have recently described formation of RNA:DNA hybrids within the same intronic region ( figure 1A ). When these hybrids were disrupted, the FMR1 gene was reactivated in FM neurons derived from FXS human embryonic stem cells. RNA:DNA hybrids in FXS have been linked to repressive epigenetic changes associated with abnormal methylation, 26 and have been also shown to form in PM fibroblasts. 27 Of potential functional relevance is also the location of the most informative FREE2 intronic CpG10-12 site being at the 59 end of a CCCTC binding factor (CTCF) binding site ( figure  1A) . CTCF is a chromatin boundary factor that has been associated with pathogenesis of trinucleotide repeat disorders, 28 involved in gene regulation 29 and X chromosome inactivation. 28, 30 Finally, the observed relationship between FREE2 intronic CpG10-12 methylation and the social anxiety (but not depressive) phenotype in PM women was indirect and mediated by executive function performance. Social anxiety is the fear and avoidance of social situations and one of the most common and longstanding psychiatric complaints for PM women. 31, 32 The relationship with executive function is intriguing as it suggests that deficits in core neurocognitive systems, such as executive function and attentional distribution, might contribute toward threat-related bias in PM women, 33 and over time, this may increase their risk for developing social anxiety. Thus future studies could investigate whether early intervention with cognitive training to improve executive function leads to remediation effects for social anxiety, particularly in PM women within the higher risk group. Limitations of this study are a relatively small sample size, the cross-sectional design, and the molecular analyses being performed only in blood while the phenotypes examined are largely CNS-based. For these reasons, this study is not equipped to fully explain the prognostic nature of the relationships between methylation of different intronic sites with different clinical outcome measures, or the potential changes in these relationships over time. Moreover, for most outcomes the molecular measures examined in this study were not 100% predictive. This suggests a phenotypic influence from other factors previously described to contribute to PM-related disorders including deficient FMR1 protein (FMRP) translation, 5 abnormal expression of long noncoding RNA genes, ASFMR1/FMR4, 13 FMR5, and FMR6, 34 as well as repeat associated non-ATG translation leading to neuronal toxicity 35 and mitochondrial dysfunction. 13 Environmental factors are also likely to contribute, as in other settings these have been shown to have a direct effect upon epigenetic status, gene expression, and the expressed phenotype. 36, 37 It is also important to note that all assays utilized in this study examined total methylation, which is converted to 5-hydroxymethylacytosine (5-hmC), and subsequently 5-formylcytosine and 5-carboxylcytosine. 38 Thus, while total methylation may reflect to a degree 5-hmC levels, the likely differences among the 3 converted forms could not be identified in this study. Future studies should examine 5-hmC, especially for the most informative FMR1 intron 1 sites described here, in light of recent studies showing that (1) 5-hmC levels are increased in repetitive regions and brain specific enhancer regions in a PM mouse model of fragile X-associated tremor/ataxia syndrome 39 ; (2) 5-hmC has been found to be differentially methylated in regions important for neurodevelopment, including CpG island shores 40 ; and (3) 5-hmC has been suggested to function as an intermediate step for environmental regulation specific to the brain genome. 40 This study showed that specific methylation thresholds for FMR1 intron 1 and to a lesser extent AR could be potentially used to dichotomize PM women into greater and lower risk categories for dysexecutive and psychiatric symptoms. Importantly, this was not possible using CGG size, FMR1 mRNA level, or FMR1 exon 1 methylation. If validated in future studies, these findings could have important implications for early intervention recommendations aimed at improving the outcomes for affected PM women and their families.
